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ABSTRACT
The search for habitable exoplanets and life beyond the Solar System is one of the most compelling scientific
opportunities of our time. Nevertheless, the high cost of building facilities that can address this topic and the keen
public interest in the results of such research requires the rigorous development of experiments that can deliver a
definitive advance in our understanding. Most work to date in this area has focused on a “systems science” approach
of obtaining and interpreting comprehensive data for individual planets to make statements about their habitability
and the possibility that they harbor life. This strategy is challenging because of the diversity of exoplanets, both
observed and expected, and the limited information that can be obtained with astronomical instruments. Here we
propose a complementary approach that is based on performing surveys of key planetary characteristics and using
statistical marginalization to answer broader questions than can be addressed with a small sample of objects. The
fundamental principle of this comparative planetology approach is maximizing what can be learned from each type
of measurement by applying it widely rather than requiring that multiple kinds of observations be brought to bear
on a single object. As a proof of concept, we outline a survey of terrestrial exoplanet atmospheric water and carbon
dioxide abundances that would test the habitable zone hypothesis and lead to a deeper understanding of the frequency
of habitable planets. We also discuss ideas for additional surveys that could be developed to test other foundational
hypotheses is this area.
Keywords: astrobiology — telescopes — planetary systems — planets and satellites: atmospheres —
planets and satellites: terrestrial planets
1. INTRODUCTION
Through the study of exoplanets, humanity stands
on the threshold of making significant progress towards
answering the age-old question of whether there is life
elsewhere in the Universe. Exoplanet surveys, and in
particular NASA’s Kepler mission, have revealed that
small planets are common in circumstellar habitable
zones in our Galaxy (Petigura et al. 2013; Burke et al.
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2015; Dressing & Charbonneau 2015). The search for
exoplanets has recently culminated in the discovery of
the first Earth-size planets in the habitable zones of
nearby stars (Anglada-Escude´ et al. 2016; Gillon et al.
2017; Dittmann et al. 2017). By virtue of their or-
biting nearby stars, and with the pending advent of
powerful new instruments and facilities, these newly
discovered planets are the first bona fide targets for
future efforts using the techniques of astronomical
remote sensing to determine if they are truly habit-
able and possibly even inhabited (Kreidberg & Loeb
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2016; Meadows et al. 2016; Barstow & Irwin 2016;
Turbet et al. 2016; Lovis et al. 2017).
The exciting possibility of finding other Earth-like
worlds and life beyond our Solar System has motivated
the development of new instruments for existing tele-
scopes and is a key justification for the construction
of the next generation of extremely large ground-based
telescopes (“ELTs”). The characterization of poten-
tially habitable planets is also expected to be a major
part of the science program for the James Webb Space
Telesscope (JWST ), which is planned for launch in 2018
(Deming et al. 2009; Beichman et al. 2014; Cowan et al.
2015). Furthermore, two of the four flagship mission
concepts currently being developed by NASA in prepa-
ration for the next Astronomy and Astrophysics Decadal
Survey have characterization of terrestrial exoplanets as
a main driver1, while a third is being designed with this
science case as an option2.
With the fast-approaching opportunity to make a
search for habitable environments and life on exoplan-
ets comes the very real challenge of actually designing
an experiment that will deliver clear results. The scien-
tific challenges of designing experiments on this topic are
formidable because terrestrial exoplanets are expected
to be diverse in the structures and compositions of their
interiors and atmospheres. This expectation is based
on our knowledge of the current and past states of the
terrestrial planets of the Solar System, the diversity of
bulk compositions inferred for the known low-mass exo-
planets, the different properties of the stars in the solar
neighborhood, and the random nature of the planet for-
mation and evolution processes.
The challenges of designing a robust experiment are
compounded by the fact that even the best telescopes
and instruments currently under construction or in de-
sign will only reveal a small piece of a planet’s puzzle
on their own. This is due to the practical limitations
of certain approaches (e.g., the challenge of determining
planet masses with direct imaging, Brown 2015) and the
finite grasp of instruments as set by technological con-
straints or fundamental physics (e.g., not having suffi-
cient spectral coverage to detect all the chemical species
of interest in an exoplanet’s atmosphere using a sin-
gle instrument). Therefore, the questions of how many
planets need to be characterized, which planetary prop-
1 The Large UV/Optical/IR Surveyor (LU-
VOIR: https://asd.gsfc.nasa.gov/luvoir/) and
the Habitable Exoplanet Imaging Mission (HabEx :
http://www.jpl.nasa.gov/habex/).
2 The Origins Space Telescope (OST :
https://asd.gsfc.nasa.gov/firs/).
erties need to be determined, and what level of precision
is needed in the measurements are not trivial to answer,
yet they have profound implications for the cost, risk,
and timescale of the program (Stark et al. 2015, 2016).
To answer this experimental design challenge, we sug-
gest that a statistical comparative planetology approach
should be a key element in efforts to address the topics of
habitable worlds and life beyond the Solar System. Sta-
tistical comparative planetology requires a broad survey
that will necessarily be less detailed than what could be
obtained with an approach focused on a small number
of planets. However, the fundamental principle of this
approach is maximizing what can be learned from each
type of measurement by applying it widely as an alterna-
tive to bringing multiple detailed measurements to bear
on a single object. The advantages of this approach are
that a broad survey can give context to aid the under-
standing of individual planets, and it enables conclusions
to be reached statistically despite ambiguous results for
individual objects. The statistical comparative plane-
tology approach also uses the diversity of exoplanets as
an advantage to be exploited rather than a challenge to
be overcome. Additionally, this approach can be built
around simple physical models instead of the more com-
plex models needed to make accurate statements about
an individual planet.
The statistical comparative planetology approach we
advocate is an extension of the hugely successful efforts
to determine planetary frequency, and it is informed by
lessons learned in the atmospheric characterization of
close-in transiting exoplanets. However, our proposal is
somewhat at odds with the prevailing “planetary sys-
tems science” approach to the problem. We therefore
begin in §2 with a review of the planetary systems
science approach to addressing the topics of habitable
worlds and life beyond the Solar System. In §3 we place
the future characterization of Earth-like exoplanets in
the context of recent work on the frequencies and atmo-
spheres of transiting exoplanets. We describe example
experiments to test the concept of the habitable zone in
§4. We conclude with some suggestions for future work
to expand on these ideas in §5.
2. THE SYSTEMS SCIENCE APPROACH
REVIEWED
Most work to date has been focused on the de-
velopment of a planetary systems science frame-
work (“systems science” hereafter for brevity) for de-
signing and interpreting observations of potentially
habitable exoplanets (Seager et al. 2005; Meadows
2008; Seager & Deming 2010; Kaltenegger et al. 2012;
Rugheimer et al. 2015; Meadows et al. 2016; Robinson
Statistical Comparative Planetology 3
2017). The systems science framework aims to reveal
the nature of individual planets based on a combina-
tion of empirical data and theoretical modeling. The
empirical data should be as complete as possible to min-
imize model dependencies, while the theoretical models
are benchmarked on the Solar System planets to max-
imize their accuracy (e.g., Robinson et al. 2011, 2014).
The ultimate goal of the systems science approach is to
identify particular exoplanets that are habitable and to
make statements about the possibility that they harbor
life.
One strength of the systems science approach to the
question of life on other planets is that a sequential
roadmap can be written down that guides the construc-
tion of new facilities and the interpretation of the data
they will obtain. However, the focus on individual plan-
ets in the systems science approach necessitates exten-
sive characterization using multiple techniques and in-
struments, which increases the cost of the program and
results in a long lead time for getting robust answers.
The systems science approach can also be interpreted
to suggest that we should first characterize a small
number of promising planets since that would require a
smaller telescope, or that efforts to obtain more data for
a small sample of planets should take precedence over a
broad survey when allocating time on a larger telescope.
Both of these approaches runs the risk of delivering de-
tailed characterization of a small number of planets, but
not finding any definitive indications of biosignatures
and with the end result being no clearer understanding
of the prevalence of life. Furthermore, the dependency
on complex theoretical models will never be fully re-
laxed when the aim is to understand individual planets
due to the limitations of astronomical remote sensing.
The expected diversity of exoplanets also suggests that
the models trained on the Solar System planets will be
stretched in ways that may undermine their accuracy. It
is telling that a range of false positive and false negative
scenarios for habitability and life have already been
identified (e.g., Wordsworth & Pierrehumbert 2014;
Domagal-Goldman et al. 2014; Reinhard et al. 2017).
We propose here to reframe the question from “Are
there other habitable or inhabited planets?” to “What
are the frequencies of habitable and inhabited planets?”.
This new question requires a larger, statistical sample
and an altered observational strategy compared to what
would be motivated from a simple interpretation of the
systems science approach. However, we think that this
question can be more robustly answered, and ultimately
this information may be required to interpret the char-
acterization of individual planets anyway.
3. LESSONS FROM RECENT TRANSITING
EXOPLANET STUDIES
The ongoing characterization of close-in exoplanets
using transit techniques offers compelling lessons on the
power of statistical comparative planetology. The Ke-
pler mission in particular has been transformative for
not just what we know about exoplanets, but also how
we go about obtaining the information. A key break-
through in the analysis of Kepler data was the calcula-
tion of the false positive rate for transiting planet can-
didates (Torres et al. 2011; Morton & Johnson 2011).
This opened a shortcut past confirmation of individ-
ual targets, which requires a host of other observations
(e.g., high resolution imaging, host star characteriza-
tion, and high precision radial velocity measurements),
and yielded assessments of planet frequency directly
from the Kepler data alone (e.g., Fressin et al. 2013;
Morton & Swift 2014; Dressing & Charbonneau 2015;
Burke et al. 2015). Besides initially requiring no addi-
tional data, another strength of the statistical approach
is that it could also be extended as results from other ob-
servations became available (e.g., precise host star char-
acterization, Fulton et al. 2017).
The study of exoplanet atmospheres has also bene-
fited from applying a statistical comparative planetol-
ogy approach. For example, Sing et al. (2016) were able
to show statistically that high altitude aerosols were
the cause of the muted spectral features in the trans-
mission spectra of hot Jupiters rather than low water
abundances by performing a comparative study of ten
planets. The water abundances determined from the
individual spectra in the Sing et al. (2016) study had
very large uncertainties, but by using the diversity of
the sample the authors were able to show that low wa-
ter abundances couldn’t explain the observed continuum
of spectral features. Another strength of the Sing et al.
(2016) result is that it only depended on simple and
generic physical models for how water abundances and
aerosols affect transmission spectra.
Beyond broad statistical conclusions, comparative
studies also enable the identification of outliers, which
are useful for homing in on model inadequacies. For
example, a study of heat transport for highly irradiated
planets found that WASP-43b is a unique exception to
the expectations of theoretical models and an empiri-
cal trend of heat transport vs. irradiation temperature
(Schwartz & Cowan 2015). This finding has drawn at-
tention to the possibility of clouds on the nightsides of
tidally-locked planets (Kataria et al. 2015). Another ex-
ample is the unusually high dayside albedo of Kepler-7b,
which was discovered in a survey of optical secondary
eclipse measurements (Demory et al. 2011). The prop-
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erties of this planet have also motivated the development
of a more comprehensive model for clouds in hot Jupiter
atmospheres (Heng & Demory 2013; Parmentier et al.
2016).
The statistical approach also has the benefit of en-
abling the combination of results from different types of
observations even if they aren’t targeted on the same
objects. For example, Schwartz & Cowan (2015) were
able to compare the geometric albedos of planets that
had been studied in the optical with Kepler to the Bond
albedos of more nearby planets that had been studied
in the thermal infrared with Spitzer and Hubble. This
kind of approach has also been useful for constraining
planet frequency over a broad range of parameter space
by combining results from surveys that were performed
with different techniques (e.g., Clanton & Gaudi 2017).
4. WORKED EXAMPLES: EMPIRICAL TESTS OF
THE HABITABLE ZONE CONCEPT
One of the guiding principles in the search for other
Earth-like planets is the concept of the liquid water hab-
itable zone (Kasting et al. 1993; Kasting et al. 2014).
However, the link between the canonical habitable zone
(in terms of orbital distance) and the existence of surface
liquid water has not yet been shown observationally, and
therefore it does not currently provide a rigorous frame-
work for interpreting the characterization of individual
planets. Testing the habitable zone hypothesis with a
statistical comparative planetology approach would thus
be an important step towards determining the frequency
of habitable planets.
We outline here two applications of the statistical
comparative planetology approach that could be used
to test for the inner and outer boundaries of the habit-
able zone and the prevalence of planets with temperate
climates regulated by a carbonate-silicate cycle within
it. We focus on how measurements of atmospheric wa-
ter (H2O) and carbon dioxide (CO2) abundances can
be used because these are likely to be the first chemical
species that can be detected for terrestrial exoplanets.
Water and carbon dioxide have numerous strong absorp-
tion bands throughout the optical and infrared, and thus
will likely be accessible to both the transit and direct
imaging approaches to studying exoplanet atmospheres.
For now we remain agnostic about which technique is
used. In §5 we discuss how the technique being used
could matter.
4.1. Water abundances
One possible test of the habitable zone concept is to
survey the atmospheric H2O abundances of exoplanets
with a range of orbital separations. The hypothesis is
that the presence of H2O as a function of irradiation
will be correlated with the boundaries of the habitable
zone as predicted by models. Inside the inner edge of
the habitable zone H2O should not be abundant in the
atmospheres of mature planets because it is expected to
be lost to space following a runaway greenhouse process
like is thought to have occurred on Venus. Similarly,
beyond the outer edge of the habitable zone H2O would
be less abundant because it should freeze out.
The strengths of the statistical approach in the case
of measuring atmospheric H2O abundances are that
it can likely be performed with relatively low preci-
sion per planet and that the random aspects of the
planet formation process can be marginalized over.
Precisely and accurately measuring the atmospheric
abundance of any chemical species for an exoplanet
puts stringent requirements on spectral resolution and
signal-to-noise, as well as knowledge of the planet’s
physical and orbital properties (Konopacky et al. 2013;
Kreidberg et al. 2014; Lupu et al. 2016; Nayak et al.
2017; Batalha et al. 2017). Therefore, detecting the
presence of H2O on many planets may be easier to ac-
complish than robustly determining the atmospheric
H2O abundances for individual planets. Furthermore,
determining whether an individual exoplanet has surface
liquid water requires knowing not just the atmospheric
H2O abundance but also the full chemical inventory
of the atmosphere so that accurate calculations of the
surface temperature can be performed. Observations of
a small number of planets also run the risk of encoun-
tering planets that are dry due to the stochastic nature
of planet formation (e.g., Raymond et al. 2007).
4.2. Carbon dioxide abundances
The habitable zone concept rests on the assumption of
a functioning silicate-weathering feedback (Walker et al.
1981). This feedback should increase the atmospheric
CO2 to maintain surface temperatures that allow liquid
water as a planet receives less stellar radiation. There
is some evidence that the silicate-weathering feedback
has operated in Earth history, but it is not definitive
(Zeebe & Caldeira 2008). A statistical approach to ex-
oplanet astronomy would allow us to test the silicate-
weathering feedback directly, and therefore the habit-
able zone concept, by making a number of low-precision
CO2 measurements on Earth-size and -mass planets in-
side the traditional habitable zone. Specifically, we can
use a radiative-transfer model to calculate the amount
of CO2 needed to maintain habitable conditions for a
given stellar irradiation while marginalizing over sur-
face temperatures and pressures consistent with liquid
water as well as uncertainties such as clouds and other
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Figure 1. This plot shows how the habitable zone concept,
which assumes a decrease in atmospheric CO2 as stellar ir-
radiation increases, could be tested. The blue curve shows
the predicted CO2 needed to maintain a surface temperature
of 290 K. The black points are binned data for hypothetical
planets that assume the theoretical irradiation-CO2 curve
but are scrambled away from it based on the plotted 1-σ
error bars, assuming four planets per bin. Points and error
bars have a physical limit on CO2 values of 10
6 ppmv or less.
Using the error estimations shown here the trend predicted
by the theory could be inferred from the data.
greenhouse gases. By comparing these estimates of the
amount of CO2 necessary to maintain surface liquid wa-
ter with low-precision estimates of the CO2 made on
many planets, we can perform a statistical test of the
habitable zone concept.
Here we make a simple calculation to illustrate this
methodology. A full evaluation of this idea is beyond the
scope of the current work. In Figure 1 we plot in blue
the theoretical prediction for the CO2 that would lead
to radiative balance based on a fit to planetary albedo
and infrared emission to space from a one-dimensional
radiative-convective model (Williams & Kasting 1997).
We assume a saturated atmosphere with 1 bar of N2,
Earth-like clouds, a cosine of the solar zenith angle of
0.5, and a surface temperature of 290 K. We then cre-
ate five bins of artificial data with CO2 perturbed off
this curve assuming Gaussian noise with a 1-σ log error
of 0.5 decades. This assumes a measurement log error
of 0.5 decades; a model log error of 0.5 decades, which
includes uncertainty in clouds, pressure broadening and
scattering by other background gasses, and the presence
of other greenhouse gases such as CH4; and four planets
per bin. Using these assumptions it would be possible to
detect the downward trend in CO2 as the stellar irradi-
ation increases by measuring 20 planets. Such an infer-
ence is only possible if enough planets are measured to
marginalize over the many factors other than stellar irra-
diation that could determine CO2 even with a function-
ing silicate-weathering feedback. This calculation also
shows that measurements on planets near Earth’s irra-
diation (toward the inner edge of the habitable zone) will
be critical for evaluating the theory because the model
predicts much lower CO2 values for them.
5. SUGGESTED FUTURE RESEARCH
If we can step away from the idea that the only way
to address the topic of habitable planets is through de-
tailed characterization of individual objects then a com-
parative planetology approach could provide a useful
basis for designing future experiments. We have pre-
sented some first ideas for statistical surveys that could
be carried out based on a re-framing of the problem as
determining the frequency of habitable worlds. Other
ideas include measuring reflected stellar radiation or
emitted planetary radiation to determine the planetary
albedo. A statistical transition from low to high plan-
etary albedo would represent a detection of the outer
edge of the habitable zone. Another idea would be to
measure the surface temperature using gap regions of
the infrared spectrum. The null hypothesis would be
that surface temperature would scale as irradiation to
the 1
4
power when measured for many planets. In con-
trast, if planetary surface temperature is regulated in the
habitable zone, then it would show little dependence on
stellar irradiation.
More work is needed to study the details of these ideas
and those presented above. For example, beyond the
outer edge of the habitable zone planets may have wa-
ter in their atmospheres due to sublimation. If the water
abundances are being measured through transmission
spectroscopy then it may be difficult to distinguish a
low stratospheric water abundance due to cold trapping
from an atmosphere with a low bulk water abundance.
It would also be valuable to explore whether statements
could be made about the frequency of planetary inhabi-
tance through a survey of biosignature gases such as O2
or O3.
A key assumption of our proposed statistical experi-
ments is that the observations can be concentrated on
terrestrial planets. This is possible in principle for tran-
siting exoplanets, which will necessarily be orbiting M
dwarfs due to their uniquely close-in habitable zones,
but may be more difficult for true Earth analogues or-
biting Sun-like stars, the atmospheres of which can only
be probed with direct imaging and for which we will
likely always lack density measurements.
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The required assumption for our proposed statistical
tests is an example of the more general problem that
too many unknowns may make it impossible to discern
the underlying trends even in a large statistical sample.
Therefore it is likely that multiple types of data will
need to be combined even for the statistical approach.
It may also be necessary to characterize a few planets in
greater detail to identify the key diagnostics for statisti-
cal investigations. Future work to flesh out the details of
a statistical approach will focus on quantifying these as-
pects of the observing strategy. Ultimately, there is also
a chance that some questions in the topic of planetary
habitability and life are too complex for the statistical
approach. However, we still suspect that the statistical
approach will be crucial for progress in this area because
getting data for more planets can help get around the
unknowns, whereas it may be impossible to determine
the habitability of individual exoplanets from astronom-
ical remote sensing at high confidence.
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